We examined intra-and interspecific variability in shape of three topminnow species (Funduluidae: Fundulus notatus, F. olivaceus, and F. euryzonus) across ten drainages. Within each drainage, five or more adult male topminnows were digitized at multiple sites (83 total sites) along the river continuum representing a range of stream sizes (cumulative drainage area) and hydrological conditions. Nine of the ten drainages contained two Fundulus species that were longitudinally separated along the river continuum with narrow areas of coexistence. Upstream-downstream distribution patterns were variable by drainage, allowing us to examine patterns repeated across ecologically similar species. More variability in shape was explained by drainage (19.7%) than by species (7.4%) differences. Populations of F. notatus from headwaters (three drainages) converged on a deep-bodied form similar to F. olivaceus which was typically sampled in headwaters. Fundulus notatus shape was more closely related to stream size than in the other two species. Headwater populations of F. notatus and F. olivaceus had fineness ratios near the hydrodynamic optima of 4.5 whereas downstream populations of F. notatus had shallower bodies.
INTRODUCTION
Shape differences among populations are due to some combination of genetic divergence and phenotypic plasticity. These two forces are linked as plasticity alters phenotypes on which selection acts (Wimberger, 1992) and over evolutionary time plastic changes can become canalized (West-Eberhard, 2003) . Understanding the origins of biological diversity requires some knowledge of the mechanistic processes that produce observed patterns in morphological diversity. Furthermore, patterns in morphological variability are often instructive in elucidating functional roles of ecological diversity (Gatz, 1981; Douglas & Matthews, 1992; Koehl, 1996; Wainright, 1996) . There is a rich literature regarding shape variability in fishes. Fish body shape interacts with a number of biotic and abiotic factors directly linked with fitness such as swimming performance, movement energetics, prey capture and predator avoidance (Vogel, 1994; Poff & Allan, 1995; Langerhans & Reznick, 2010) . Fish shape has also proven to be easy to study as much can be learned from simpler two-dimensional approaches. Well-documented examples include shifts in morphology seen between lotic and lentic habitats both within species (Hankison et al., 2006; Aguirre, 2009; Haas, Blum & Heins, 2010; Langerhans & Reznick, 2010) and between species (Schaefer, Lutterschmidt & Hill, 1999; Langerhans et al., 2003; Langerhans, 2008) .
Trade-offs involving shape variability in fishes involve performance of sustained swimming, burst acceleration, and manoeuverability (Gatz, 1979; Poff & Allan, 1995; Langerhans et al., 2003; Langerhans, Chapman & DeWitt, 2007; Langerhans & Reznick, 2010) . Fineness ratio (FR, standard length divided by maximum body depth) is a measure of general slenderness of a body and is a rough estimator of hydrodynamic profile. It is not a perfect estimator as it is two dimensional and does not incorporate where along the body maximum depth occurs (optimum at one-third standard length; Vogel, 1994) . However, a FR of 4.5 minimizes drag and presents an optimum for species maintaining position in a flowing environment (Langerhans & Reznick, 2010) . Poff & Allan (1995) examined FR as one functional trait in their study of the relationship between hydrodynamic variability and community functional traits. They concluded, in part, that mean FR increased (relative increase in body depth) in communities at sites with greater hydrological variability. Community-wide FR differed significantly between slow-and moderate-or fast-flowing sites (Poff & Allan, 1995) . As their goal was to define community-level functional shifts in numerous traits, they did not quantify within-species variability in shape across sites. However, a logical extension of their work would be to examine shape variability within a species across a range of hydrological conditions. Haas et al. (2010) found consistent changes in body shape of blacktail shiner Cyprinella venusta populations in reservoirs compared with those in rivers. In their study, eight reservoir populations were paired with eight river populations at similar longitudinal locations within the drainage (similar hydrologies before reservoir construction). Individuals from reservoirs had deeper bodies and smaller heads. Within these river/reservoir differences, patterns of shape variability among river sites led them to hypothesize that stream size (or discharge) may be an important contributing factor (Haas et al., 2010) . However, their data set included fish from just eight longitudinal positions within a single drainage. The purpose of this study is to build upon the work of Poff & Allan (1995) and Haas et al. (2010) by testing the hypothesis that shape varies in predictable patterns from headwaters to larger rivers and that this pattern is repeated across closely related species with similar ecologies.
The Fundulus notatus species complex comprises the blackstripe topminnow (F. notatus), the blackspotted topminnow (F. olivaceus), and the broadstripe topminnow (F. euryzonus), which all share similar niches (Thomerson, 1966; Thomerson & Woolridge, 1970; Blanchard, 1996) and hybridize in contact zones found throughout their ranges (Thomerson, 1967; Setzer, 1970; Duvernell et al., 2007; Schaefer et al., 2009) . All three species feed primarily on terrestrial insects fallen in the stream and can be found in backwaters or stream margins in and around structure. Previous work with the group culminated in hypotheses that differences in habitat use were probably essential for their coexistence (Braasch & Smith, 1965; Thomerson, 1966; Thomerson & Woolridge, 1970 (Suttkus & Cashner, 1981; Schaefer et al., 2009) . Although these generalizations describe distribution patterns in sympatry, allopatric populations of both F. notatus and F. olivaceus may be abundant in both upstream and downstream habitats. Surveys of contact zones throughout the ranges of F. notatus and F. olivaceus have revealed several drainages where the distributional pattern of the two species is reversed (F. notatus in headwaters and F. olivaceus downstream) (Robison & Buchanan, 1988; Ross, 2001) . Samples from three such drainages are included as part of this study (Little River in south-eastern Oklahoma, Tombigbee River in north-eastern Mississippi, and the Duck River in central Tennessee; Fig. 1 ).
The species in the F. notatus complex are ideal for studies of variability in shape because they are widespread and typically abundant in habitats from smaller headwaters to larger rivers. Although in most drainages F. olivaceus is found upstream of F. notatus, this pattern is reversed in a few drainages, creating a natural experiment to study body shape changes along the river continuum. The purpose of this study is to use geometric morphometric techniques to address the following questions: (1) Are there consistent shape differences among species in the F. notatus complex? (2) How much variability in shape is explained by local hydrology (stream size)? (3) For headwater populations of F. notatus or downstream populations of F. olivaceus, are shapes consistent with species-level patterns (i.e. populations are phylogenetically constrained) or local hydrology?
MATERIALS AND METHODS
We used geometric morphometric (Zelditch et al., 2004; Claude, 2008; Mitteroecker & Gunz, 2009) Schaefer, Duvernell & Kreiser, 2011) .
To capture trends in shape across a gradient of stream sizes, sampling within each drainage was typically centred on the confluence of a smaller tributary and larger river with equal numbers of sites sampled further upstream in the tributary and downstream into larger river habitat. Sites were accessed Superscript text following the river system designates the general pattern of occurrence (C, coexistence at one or more sites; NC, no coexistence) among the species as one progresses from headwaters downstream (upstream species→downstream species). For example, within most drainages F. olivaceus is found upstream of F. notatus with coexistence in the middle (C:Fo→Fn). CDA is the cumulative drainage area (see text for details) among sites in each drainage. CDA is presented here as a range for each species within each drainage, and overall ranges at the bottom.
by boat or road crossing and sampled by seine and dipnet. For each specimen collected, a small fin clip was preserved for genetic analysis along with the fish (10% buffered formalin) in individually labelled tubes. Because morphological identification can be difficult and hybridization sometimes occurs when the species coexist, all fish were genotyped with five speciesdiagnostic genetic markers (for details on genetic markers and genotyping techniques see Duvernell et al., 2007; Schaefer et al., 2009 Schaefer et al., , 2011 . Any fish that were inferred to be of hybrid ancestry (i.e. not homozygous for all species-diagnostic alleles) were eliminated from the study. We only used large adult male specimens (see below) for which morphological identification is most reliable. At each site, we extracted cumulative drainage area (CDA; sum drainage area at each site) from the National Hydrology Plus database (http://www.horizon-systems.com/ nhdplus/) as a measure of stream size. We also extracted measures of discharge (mean discharge, mean and maximum current velocity) but did not use them in analyses because they were highly correlated (r 2 > 0.9) with CDA. Thus, CDA was used as our single descriptor of stream size and local hydrology.
We selected sites for which there were five or more sexually mature males of one or more species. We selected only males of a limited size range to reduce variability in shape due to allometry or sexual dimorphism (Aguirre, 2009) . We also avoided working with any specimens that were contorted in some way during preservation. Mature males of all three species are easily recognized by their elongated and pointed dorsal and anal fins. Gonads of most individuals were also inspected as part of a separate study to confirm external morphological sex identification. Of the 106 sites sampled, 83 sites had at least five high-quality mature male specimens of one or more species that were subsequently digitized (Table 1) . Fish remained preserved in 10% buffered formalin until photographed with a 12-Mpixel digital camera. Fish were photographed with a ruler so that standard length (SL, mm) could be measured during the digitization process.
Seventeen landmarks (hereafter LM, Fig. 2 ) were digitized on each specimen using tpsDig version 2.15 (Rohlf, 2010) . All landmarks were homologous except for LM 9, the superior border of the body directly over the pelvic fin insertion. This landmark was located in direct reference to a homologous landmark and was included to capture body depth in the analysis and calculate FR (Hankison et al., 2006; Mitteroecker & Gunz, 2009) . A Generalized Procrustes analysis (GPA; procGPA function in shapes package; R Development Core Team, 2009) was performed on landmark data to scale and align superimposed landmark configurations and produce a set of shape coordinates for each specimen (Mitteroecker & Gunz, 2009 ). We performed a principal components analysis (PCA; prcomp function in stats package; R Development Core Team, 2009) to summarize variability in shape coordinates among individuals (Claude, 2008) . A PCA of shape coordinates differs in name only from a relative warp analysis performed using the tps suite of software (Mitteroecker & Gunz, 2009 ). We used nonparametric multivariate analysis of variance (NP-MANOVA; addonis function in vegan package; R Development Core Team, 2009) to test for differences and partition variation in PCA axes scores (axes 1-3) among species, drainages, and by CDA. NP-MANOVA is analogous to traditional MANOVA and partitions variation based on sums of square distances (Anderson, 2001 ). The distinct advantage over traditional MANOVA is that a number of formal assumptions are relaxed by relying on permutation procedures to test significance. A NP-MANOVA analysis of all individuals included SL, species, drainage, and CDA. If higher order interactions involving species differences were detected in that analysis, similar analyses were performed on F. notatus and F. olivaceus individually (drainage and CDA as factors, SL as covariate). To examine the relationship between shape and CDA, we correlated CDA with site mean PCA axes 1 and 2 scores for each species across all sites. All analyses were performed in R version 2.10.0 (R Development Core Team, 2009).
RESULTS
A total of 480 males from 83 sites were digitized (Fig. 1, Table 1 ). The final data set included 29 male . Fundulus olivaceus were also found upstream of F. notatus in the Saline system, but were restricted to very small headwaters (CDA 4-15 km 2 ) and F. notatus were sampled higher in that system (CDA 215-498 km 2 ) relative to any other (Table 1 ).
The first three axes of the PCA explained 46.7% of the variation in shape coordinates. Higher scores on PCA axis 1 (20.8% of the variation) corresponded to increased body depth (LM 6, 9, and 11), more inferior snout (LM 1) and more inferior or deeper caudal peduncle (LM 15, 16, and 17, Fig. 3 ). Using landmark data (LM 9, 10, 1, and 16) to measure length and depth, FR along PCA axis 1 ranged from 5.39 (low scores) to 4.53 (high scores). Higher scores on PCA axis 2 (13.9% of the variation) corresponded to lengthening of the snout (LM 1), shortening of the caudal peduncle (LM 15, 16, and 17) , and more posterior positioning of the pelvic and anal fins (LM 9, 10, 12, and 14) . Fundulus notatus were more variable among drainages than F. olivaceus (mean ± SD individual distance from species centroid = 3.35 ± 1.83 for F. notatus; mean = 2.81 ± 1.58 for F. olivaceus). Most F. olivaceus populations (with the exception of the Spring, Saline, and Pascagoula drainages) tended to cluster together with PCA axis 1 scores > 0. Centroids in PCA space for F. notatus in headwater habitats (Tombigbee, Duck, and Little) were all positive on PCA axis 1 while centroids for F. notatus in larger rivers (Pearl, Pascagoula, Spring, and Neches systems) were all negative on axis 1 (Fig. 3) . Fundulus euryzonus from the Pontchartrain drainage tended to have high PCA axis 1 scores and low PCA axis 2 scores. Consensus configurations for F. euryzo- nus had inferior snouts, shorter heads, and shallower body depths. In F. notatus, consensus configurations for headwater populations differed from downstream populations in body depth, dorsal fin position, and snout position (Fig. 4) . In both F. notatus and F. olivaceus there was considerable variability among drainages.
There were significant differences in shape among drainages (F 9,444 = 15.93, P Յ 0.001, 19.7% of the variability) and species (F2,444 = 11.38, P Յ 0.001, 3.1% of the variability, Table 2 ). Shape differences were also significantly related to size (F1,444 = 53.6, P Յ 0.001, 7.4% of the variability) and CDA (F2,444 = 15.92, P Յ 0.001, 2.2% of the variability). There were significant interactions involving the species, so individual NP-MANOVAs were run on F. notatus and F. olivaceus with drainage, SL, and CDA as predictor variables. For both species, most of the variability in shape was accounted for by significant differences among drainages (18.3% of the variation in F. olivaceus, 23.0% of variation in F. notatus, P < 0.001 for both, Table 3 ). More shape variability was explained by CDA in F. notatus (6.4%) than in F. olivaceus (1.2%). Allometric changes explained 6.8% of the Significance based on 10 000 permutations. R 2 indicates the proportion of variance in PCA scores explained by model components. CDA, cumulative drainage area; SL, standard length. Asterisks indicate significant differences: *P < 0.05; **P < 0.01; ***P < 0.001. SHAPE VARIABILITY IN TOPMINNOWS 617 variation in F. olivaceus and 3.1% of the variation in F. notatus. There were significant interactions between drainage and CDA for F. notatus (6.7% of the variation) and F. olivaceus (3.9% of the variation, Table 3 ).
Mean site PCA axis 1 score was negatively correlated with CDA in F. notatus (F 1,26 = 44.22, P < 0.001) but not F. olivaceus (F1,47 = 0.17, P < 0.69) or F. euryzonus (F1,4 = 0.56, P < 0.54). Mean site PCA axis 2 score was negatively correlated with CDA in F. notatus (F1,26 = 17.31, P < 0.001) and F. olivaceus (F1,47 = 13.20, P < 0.001) but not F. euryzonus (F1,4 = 0.01, P < 0.972).
DISCUSSION
Most of the variability in shape was accounted for by differences among drainages. Among F. notatus populations two general shapes emerged: a deep-bodied form found in headwaters (Duck, Little, and Tombigbee drainages) that was distinct from the downstream (Neches, Pascagoula, Pearl, Spring, and Saline drainages) shallow-bodied form. The deepbodied form of F. notatus found in headwaters was shaped similarly to most F. olivaceus populations (Kiamichi, Little, Pontchartrain, Pearl, Neches, Tombigbee) typically sampled in headwaters. Thus, whether due to local adaptation or plasticity, populations of both species converged on a similar deep-bodied shape in headwater habitats. Among F. olivaceus populations, there was less variability among drainages (drainage explained 16.4 and 34.2% of the variation in F. olivaceus and F. notatus, respectively, Table 3 ). Six of the nine drainages clustered together tightly in PCA space. Fundulus olivaceus populations that were sampled downstream of F. notatus (Little and Tombigbee) did not differ in shape in consistent ways and did not take on a shallow-bodied form. Thus, relationships between CDA and PCA axis 1 (axis explaining most variability in body depth) were only significant for F. notatus.
Shape variability among species was considerably less than among drainages. Whereas F. euryzonus was distinct (more terminal mouth, Fig. 4) , there was considerable overlap between the more broadly distributed F. notatus and F. olivaceus. Statistically, species designation accounted for a surprisingly small amount of shape variability (Fig. 3, Table 1 ). Thomerson (1966) analysed a variety of meristic and morphological traits throughout the ranges of F. notatus and F. olivaceus. He found that clinal variation in some meristics and morphological measures such as head shape, snout length, and body depth (along with a few others) were different between the two species in a given river but were not informative key characters to identify species across the respective ranges. Thomerson (1966) also noted that habitat use (including use of fast-vs. slow-flowing habitat) differed by river and was variable across the range but that the two species rarely co-occurred. This resulted in a confusing mix of published accounts because they were based on studies of one or both species in a limited area (Thomerson, 1966) . He went on to discount the possibility of character displacement between the two species because of the perceived instability in contact zones (Thomerson, 1966) . Our data are consistent with many of Thomerson's (1966) observations and may provide additional clarity, or may merely establish known patterns of unknown origin. Co-occurrence of these two species is probably widespread (five of seven drainages contained 'pure' Significance based on 10 000 permutations. R 2 indicates the proportion of variance in PCA scores explained by model components. CDA, cumulative drainage area; SL, standard length. Asterisks indicate significant differences: *P < 0.05; **P < 0.01; ***P < 0.001.
One would expect the headwater F. notatus populations to be under similar selective pressure as the headwater F. olivaceus populations and that life histories might converge in a similar way as body shape did in this study. The distinct drainages, variable patterns of headwater vs. downstream habitat use and abundance along a wide range of stream sizes make this species complex an ideal group to further test both body shape (Langerhans & Reznick, 2010) and life-history theory predictions.
